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\  ... 

Microwave  radiometric  data  from  the  DMSP 
Special  Sensor  Microwave  Imager  (SSM/I)  are 
available  in  the  form  of  Environmental  Data 
Records  (EDR' s)  and  Sensor  Data  Records  (SDR’ s) . 
The  EDR’ s  provide  meteorological  parameters  such 
as  rain  rates  and  surface  wind  speeds  over  the 
oceans,  while  the  SDR' s  provide  the  measured 
brightness  temperatures  (TB's)  .  In  t he— f o 1 lowing 

t  ' 

study,  the  EDR' s  were  used  to  compute  latent  heat 
released  (LHR)  in  tropical  cyclones.  The  TB’s  at 
85  GHz  were  used  to  diagnose  the  current  intensity 
of  the  tropical  cyclone.  "-o  -  -> 

\  '  ^  /'  V'' 

The  rain  rates  offer  the  unique  opportunity  to 
study  the  rainband  structure  of  tropical 
cyclones .  The  asymmetry  associated  with  tropical 
cyclones  was  very  apparent  in  this  study. 

Despite  spatial  and  temporal  problems,  the 
SSM/I  derived  wind  speeds  verified  well  with 
those  measured  conventionally  under  rain-free 
conditions.  However,  *  in  the  presence  of  rain  the 
SSM/I  showed  serious  problems  in  accurately 
determining  wind  speeds.  In  fact,  its  inability 
to  accurately  measure  wind  speeds  near  the  cyclone 
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center,  because  of  heavy  rain,  casts  serious 
doubts  on  its  usefulness  in  this  regard. 

The  use  of  85  GHz  vertically  polarized  (TB) 
data  shows  promise  in  its  ability  to  determine  the 
current  intensity  (in  terms  of  maximum  surface 
winds) ,  as  well  as  the  24  hour  intensity  of  a 
cyclone.  The  differences  between  the  average  85 
GHz  TB  near  the  core  of  the  cyclone  and  the 
corresponding  TB  of  the  surrounding  environment 
was  well  correlated  with  the  intensity. 
Furthermore,  the  85  GHz  vertically  polarized  TB’ s 
revealed  the  eye  as  a  warm  point  in  the 
temperature  field.  The  colder  temperatures 
surrounding  the  eye  were  the  result  of  scattering 
caused  by  ice  hydrometeors  associated  with  the 
heavy  convection.  This  suggests  a  potential  use 
for  this  TB  data  in  the  understanding  and 
prediction  of  the  intensity  of  tropical  cyclones. 
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1.  INTRODUCTION 


In  October  1987,  the  U.S.  Air  Force  aerial 
reconnaissance  of  tropical  cyclones  in  the  western 
Pacific  was  discontinued  for  budgetary  reasons. 
Increased  reliance  is  being  placed  on  obtaining 
information  from  satellite  sensors,  such  as  the  new 
Special  Sensor  Microwave  Imager  (SSM/I) .  This 
sensor  is  on-board  the  Defense  Meteorological 
Satellite  Program  (DMSP)  spacecraft  which  was 
launched  on  19  June  1987.  With  this  instrument 
measuring  emitted  microwave  energy  at  four 
different  frequencies  and  determining  such 
parameters  as  wind  speeds  and  rain  rates  over  the 
oceans,  it  is  possible  to  replace  some  of  the  data 
no  longer  available  because  of  the  shut-down  of  the 
reconnaissance  aircraft. 

This  research  aims  to  develop  techniques  to 
determine  the  intensity  and  strength  of  tropical 
cyclones  using  the  SSM/I  data.  In  particular: 

1)  The  SSM/I  rain  rates,  for  a  total  of  23 
SSM/I  passes  covering  various  tropical  cyclones, 
will  be  used  to  calculate  the  latent  heat  release 
(LHR)  associated  with  the  convection  and 
precipitation  processes  of  the  tropical  cyclones. 
It  is  hypothesised  that  the  intensity  of  the 
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cyclones  as  measured  by  the  Dvorak  technique,  will 
be  well  correlated  with  the  LHR. 

2)  The  85  GHz  vertically  polarized 
brightness  temperatures  (TB’ s)  show  significant 
variation  over  the  tropical  cyclone.  It  is 
hypothesized  that  the  extremely  cold  TB' s 
represent  deep  convection,  and  the  structure  of 
the  cyclones'  rainbands  can  be  studied  with  these 
TB’ s  . 

3)  It  is  further  hypothesized  that  based  on 
the  revised  coefficients,  the  SSM/I  derived  wind 
speeds  correlate  well  with  land/ship  winds.  The 
SSM/I  derived  wind  speeds  will  be  examined  in  rain 
and  non-rain  conditions.  This  will  be  important  in 
determining  whether  the  SSM/I  wind  speeds  will  be 
accurate  within  tropical  cyclones. 

4)  The  85  GHz  vertically  polarized  TB's  will 
be  plotted  in  an  area  surrounding  the  cyclone 
center  to  test  whether  the  cyclone  intensity  can  be 
inferred  from  the  temporal  and  spatial  variation  of 
these  temperatures.  It  is  hypothesized  that  these 
TB's  can  be  used  to  forecast  future  cyclone 
intensity.  Similarly,  the  feasibility  of  using 
these  TB's  to  pinpoint  the  eye  of  a  tropical 
cyclone,  even  if  covered  by  a  thin  layer  of  cirrus, 


will  be  examined. 


REVIEW  OF  RELATED  LITERATURE 


2  . 

Measurements  of  rainfall,  wind,  and  intensity 
of  tropical  cyclones  have  been  made  for  the  past  50 
years  using  meteorological  sensors  based  on  land, 
ships,  and  aircraft;  conventional  weather  radar  and 
satellite  imagery.  However,  all  of  these 
measurements  have  certain  drawbacks,  the  most 
serious  of  which  is  limited  spatial  coverage. 
Early  satellite  coverage  (infrared  and  visible) 
was  an  improvement  and  overcame  the  lack  of  spatial 
coverage,  but  cloud  cover  prevented  the  visible  and 
infrared  wavelengths  from  penetrating  the  thick 
upper  cirrus  cloud  layer  of  the  tropical  cyclones. 
Only  in  the  past  15  years  has  it  been  possible  for 
satellites  to  measure  the  microwave  emissions  from 
the  surface  layers  through  the  thick  cloud  cover  of 
the  cyclone. 

The  early  work  in  microwave  radiometry  was 
focused  on  the  determination  of  surface  wind  speeds 
and  rain  rates  over  oceans.  Norberg  et  al .  (1971) 
used  aircraft  observations  to  verify  the  existence 
of  a  linear  relationship  between  the  increase  in 
microwave  emission  over  the  ocean  and  an  increase 
in  wind  speeds  (>7  m  s  ^) .  They  concluded  that 
this  increase  in  microwave  emission  was  mainly  due 
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to  foam  and  spray,  caused  by  increasing  wave 
action,  associated  with  an  increase  in  wind  speed. 
The  increase  in  foam  causes  an  increase  in  the 
overall  emissivity  of  the  oceanic  background.  This 
will  lead  to  an  increase  in  measured  brightness 
temperatures  (TB' s) . 

Allison  et  al.  (1974)  made  the  first  study  of 
tropical  cyclone  structure  using  emitted  microwave 
radiance  measurements.  They  used  data  from  the 
Electrically  Scanning  Microwave  Radiometer  (ESMR) 
launched  aboard  the  Nimbus  5  spacecraft  on  11 
December  1972.  The  ESMR  measured  earth  and 
atmospheric  radiation  with  a  frequency  of 
19,35  GHz.  Allsion  et  al .  (1974)  showed  that  this 
type  of  microwave  data  could  be  used  to  delineate 
rainfall  areas  and  also  provide,  semi¬ 
quant  itat ively ,  rain  rates  within  a  tropical 
cyclone.  Wilheit  et  al .  (1977)  showed  that  TB's 
measured  at  19.35  GHz  could  be  used  to  interpret 
the  rainband  structure  of  a  tropical  cyclone  with 
an  accuracy  of  about  a  factor  of  two  for  rain  rates 
over  the  range  of  0-25  mm  hr  ^ .  Lovejoy  and  Austin 
(1980)  estimated  an  accuracy  of  only  70%  when 
measuring  rain  rates  using  satellite-borne 
microwave  radiometry.  The  lack  of  accuracy  was  due 


to  the  unknown  amount  of  cloud  water  content  and 
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the  thickness  of  the  rain  layer,  and  the  inability 
to  specify  these  quantities  in  radiative  transfer 
models . 

Despite  these  drawbacks  it  appears  the 
structure  and  intensity  of  tropical  storms  can  be 
inferred  from  emitted  microwave  radiances.  Adler 
and  Rodgers  (1977)  and  Rodgers  and  Adler  (1981) 
used  ESMR  data  from  70  satellite  passes  covering  21 
tropical  cyclones  in  the  north  Pacific  to  calculate 
rain  rates  and  resultant  latent  heat  release.  They 
concluded  that  the  microwave  data  was  useful  in 
determining  the  rainfall  characteristics  of 
tropical  cyclones  and  may  be  helpful  as  a  tool  to 
monitor,  as  well  as  to  predict,  the  intensity  of 
tropical  cyclones.  The  ESMR  derived  total  cyclone 
rain  rates  were  in  good  agreement  with  previous 
estimates,  which  were  based  on  moisture  budget 
computations . 

One  of  the  goals  of  this  research  is  to  use 
the  TB' s  from  the  85  GHz  vertically  polarized 
channel  and  infer  the  cyclone  intensity.  Kidder  et 
al .  (1978)  used  the  55.45  GHz  channel  of  the 
Scanning  Microwave  Spectrometer  to  estimate  the 
central  pressure  and  maximum  winds  in  tropical 
cyclones.  They  found  a  strong  relationship  between 
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the  brightness  temperature  anomaly  within  2° 
latitude  of  the  cyclone  center  and  its  central 
pressure . 

The  idea  that  the  SSM/I  85  GHz  channel  TB’ s 
will  be  useful  to  predict  cyclone  intensity  has 
been  documented  by  the  work  of  several  authors. 
Gentry  et  al  .  (1980)  found  a  strong  correlation 
between  the  measured  equivalent  blackbody 
temperatures  of  cloud  tops  near  the  core  of  a 
tropical  cyclone  and  its  intensity.  Wilheit  et  al. 
(1982)  as  well  as  Wu  and  Weinman  (1984)  have  both 
indicated  that  the  SSM/I  85  GHz  channel  would  be 
useful  for  this  purpose  because  of  its  interaction 
with  ice  crystals,  and  the  fact  that  the  85  GHz 
TB' s  will  almost  linearly  decrease  with  increasing 


rain  rates. 


3.  RADIATIVE  TRANSFER  THEORY  AT  SSM/I  FREQUENCIES 


e.  DMSP  SSM/I  instrument  description 

The  SSM/I  is  one  of  several  sensing  systems 
which  operate  on-board  the  DMSP  spacecraft.  The 
DMSP  spacecraft  orbits  the  earth  in  a  circular  sun- 
synchronous  near-polar  orbit.  Its  orbit  altitude 
is  833  km  with  an  inclination  of  98.8  degrees  and 
an  orbital  period  of  102  minutes.  This  type  of 
orbit  produces  14.1  full  revolutions  per  day,  with 
an  0612  local  time  equatorial  crossing.  As  the 
spacecraft  crosses  the  equator  at  0612  local  time 
it  is  going  from  south  to  north,  conventionally 
called  an  ascending  orbit  . 

The  SSM/I  is  a  seven  channel,  four  frequency, 
linearly  polarized,  passive  microwave  system.  It 
measures  radiation  emitted  and  scattered  by  the 


earth  ’  s 

surface 

and 

atmosphere  at  19.35, 

22.235, 

37.0, 

and  85 . 5 

GHz 

(1.55,  1.35,  0.81, and 

0 . 35  cm 

respectively)  . 

Fig . 

3.1  shows  the  SSM/I  scan 

geometry.  The  SSM/I  scans  the  earth  at  a  45°  angle 
in  the  aft  direction.  Its  active  scan  angle  is 
102'"  which  produces  a  1394  km  swath  width.  The 
SSM/I  rotates  at  a  rate  of  31.6  rpm  while  the  DMSP 
spacecraft  orbits  the  earth  at  6.58  km  s  ^ .  This 
produces  a  12.5  km  separation  between  successive 


Figure  3.1.  Scan  geometry  for  the  DMSP  SSM/I 
(Hollinger  et  al . ,  1987). 
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scans .  On 
of  radiation 
separation  of 
other  scan, 
radiation  at 
which  produces 
are  the  SSM/I 
beamwidth  on 
depicted  in  Fig.  3.2: 

19.35  GHz 
22.235  GHz 
37.0  GHz 
85.5  GHz 


128  uniformly  spaced  samples 
GHz  are  taken  producing  a 

On  every 
samples  of 
are  taken, 
Listed  below 
of  the  3-dB 
dimensions 

69x43  km 
50x40  km 
37x28  km 
15x13  km 


each  scan, 
at  85.5 

12.5  km  between  samples. 
64  uniformly  spaced 
the  remaining  frequencies 
a  separation  of  25  km. 
footprint  (projection 
the  earth's  surface) 


In  this  study  two  sets  of  data  from  the  SSM/I 
are  used.  The  first  are  Sensor  Data  Records 
(SDR’ s) .  These  consist  of  TB' s  at  each  SSM/I  pixel 
point.  These  TB' s  are  obtained  from  the  antenna 
temperature  (TA) .  The  TA  is  the  temperature  sensed 
by  the  radiometer.  This  value  includes 
contributions  from  sources  other  than  the  earth 
scene  for  which  we're  interested  in  obtaining  a 
TB.  An  antenna  pattern  correction  is  then  applied 
to  arrive  at  a  TB .  Hollinger  et  al .  (1987)  give  a 
complete  description  of  this  antenna  pattern 


Figure  3.2.  SSM/I  scan  geometry  including  swath 
width,  footprint  sampling  locations,  and  integrated 
fields  of  view  (Spencer  et  al . ,  1988). 
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correction . 

The  second  set  of  data  are  the  actual 
environmental  parameters  (wind  speed,  rainfall 
rates,  etc.)  calculated  at  each  pixel  from  the 
TB' s .  These  are  called  Environmental  Data  Records 
(EDR’ s)  .  Once  again  refer  to  Hollinger  et  al . 
(1987)  for  a  complete  explanation  of  how  the  EDR's 
are  calculated. 


b.  Definition  of  brightness  temperature 

When  dealing  with  microwave  remote  sensing,  the 
term  equivalent  brightness  temperature  is  used.  At 
a  given  intensity  of  thermal  emission,  Bv  ,  the 
brightness  temperature  is  the  thermodynamic 
temperature  a  blackbody  would  have  if  it  emitted  at 
the  same  intensity. 

By  definition,  a  blackbody  radiates  uniformly 
in  all  directions  with  an  intensity  given  by 
Planck’ s  law 


Bv 


2hu3 


hu 

c2^  -1) 


(1) 


If  we  set  v  =  37  GHz  and  use  the  following 


values ; 
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h  =  6,6262x10  erg  sec  (Planck's  constant) 

k  =  1.3806x10  ^  erg  day  ^  (Boltzman  constant) 

o  m8  -1 

c  =  3x10  m  sec 

T  =  280°K 

we  see  that  ,  and  in  fact  this  holds  for  most 

KT 

of  the  microwave  region  used  for  meteorological 


purposes . 


hu 


If  we  let  X  =  — —  ,  then  through  Taylor  series 

Jxl 


expansion 


therefore 


e=l  +  x+  —  +  .... 


(2) 


e  - 1  ~  x  (3) 

With  this,  the  Planck  function  can  be  rewritten  as 


B"=  A 


2hu3  2Ku2T 


(4) 


Because  most  bodies  do  not  behave  as  a  perfect 
blackbody,  we  use  the  brightness  temperature,  TB, 
so  that 


= 


2Ku2TB 


(5) 


Where  Bu'  is  used  to  denote  a  non-blackbody  . 

By  definition  the  emissivity  of  a  nonblackbody 
is  given  by 
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therefore 


(6) 


e  =  ~y  or  TB  =  eT  (7) 

So  we  see  that  the  brightness  temperature  of  a 
material  will  always  be  less  than  or  equal  to  its 
physical  temperature.  We  now  turn  our  attention  to 
what  constituents  in  the  atmosphere  affect  the 
microwave  emissions  as  measured  by  a  space-borne 
radiometer . 


c.  Effects  of  the  atmosphere  on  SSH/I  frequencies 

Molecular  oxygen  and  water  vapor  are  the  only 
significant  gaseous  absorbers  of  microwave 
radiation  in  the  atmosphere.  Scattering  is  not 
significant  for  either  of  these  two  molecules. 
Fig.  3.3  shows  that  molecular  oxygen  has  major 
absorbing  peaks  near  60  GHz  and  118.75  GHz.  Water 
vapor  has  a  major  absorption  band  at  22.235  GHz. 
As  seen  in  Fig.  3.4  the  amount  of  absorption  varies 
in  proportion  to  the  relative  humidity 
(concentration  of  water  vapor) .  Olson  (1986) 
showed  that  at  low  frequencies  (19  and  22  GHz)  the 
extinction  by  water  vapor,  at  relative  humidities 
approaching  100%,  can  be  equivalent  to  rain  at  a 
rainfall  rate  of  up  to  4  mm  hr  ^ .  So  he  concluded 


Figure  3.3.  Calculated  oxygen  absorption  for  sea 
level  conditions  (Ulaby  et  al . ,  1981). 
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EXTINCTION  COEFFICIENT  (KM-1) 


FREQUENCY  (GHZ) 


Figure  3.4.  Extinction  coefficients  for  oxygen  and 
water  vapor  at  T=293°K  and  P=1000  mb  (Olson,  1987)  . 
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that  the  effects  of  absorption  by  water  vapor  must 
be  taken  into  consideration ,  especially  near 
precipitating  clouds  where  the  level  of  water  vapor 
does  approach  saturation. 

Raindrops  (liquid  hydrometeors)  with  radii 

greater  than  lQOHm  but  less  than  5  mm  have  a 

greater  effect  on  microwave  emission.  Olson  (1986) 

showed  that  the  radiative  extinction  (absorption 

and  scattering)  by  rain  is  significant  and 

increases  with  increasing  frequency  (Fig.  3.5). 

For  cloud  droplets  (r  <  100t-‘m)  the  effects  of 

scattering  can  be  ignored.  With  an  assumed  average 

-3 

total  liquid  water  content  of  0.5  gm  m  ,  the 
radiative  extinction  (absorption)  of  cloud  droplets 
is  comparable  in  magnitude  to  the  extinction  of 
raindrops  at  rainfall  rates  of  about  2-5  mm  hr  ^ . 
The  work  of  Olson  (1986) ,  Wu  and  Weinman  (1984) , 
and  Wilheit  et  al .  (1982)  have  shown  that  the 

scattering  of  ice  hydrometeors  has  a  significant 
impact  at  37  and  85.5  GHz. 

As  seen  in  Fig.  3.5c,  ice  has  a  large  single 
scattering  albedo.  This  is  due  to  the  fact  that 
its  volume  absorption  is  so  small.  This  indicates 
that  any  radiation  emitted  from  below  an  ice  layer 
will  be  scattered  away  from  the  radiometers  field 
With  the  low  absorption  coefficient,  very 


of  view. 


RAIN  RATE  (mm/h) 


10  20  30  40  50  60 


Figure  3.5.  (a)  Mie  volume  scattering 
coefficients.  <b)  Volume  absorption  coefficients, 
(c)  Single  scattering  albedos.  All  are  for  a 
Marshall-Palmer  precipitation  size  distribution  of 
liquid  and  ice  hydrometeors.  Data  is  not  included 
for  the  22.235  GHz  channel  (Spencer  et  al . ,  1988). 


18 


little  radiation  will  be  reradiated  by  the  ice 
hydrometeors.  This  will  result  in  very  low  TB' s  . 
Notice  in  Fig.  3.5c  that  the  single  scattering 
albedo  rapidly  approaches  unity  at  very  low  rain 
rates  for  the  85  GHz  channel. 

The  effects  of  rainfall  on  measured  TB' s  can 
be  seen  in  Fig.  3.6.  In  this  figure,  the  curve  for 
18  GHz  will  approximate  the  19.35  GHz  channel  of 
the  SSM/I.  This  study  will  only  be  concerned  with 
rainfall  over  the  oceans  (dotted  lines) .  For  each 
of  the  three  frequencies,  the  TB' s  increase  rapidly 
up  to  a  critical  rainfall  rate.  This  is  where 
absorption  dominates.  At  each  frequency,  as  the 
rainfall  rate  increases,  less  of  the  relatively  low 
intensity  surface  emission  (TB  =  (T  where  (  «  0.4, 

T  s  300°K)  is  transmitted.  It  is  replaced  by 
higher  intensity  emission  from  the  intervening 
cloud  layer.  Because  the  radiative  extinction 
increases  rapidly  with  increasing  frequency  as 
shown  by  Figs.  3.5a  and  3,5b,  so  does  the  rate  of 
increase  in  TB.  So  while  a  modest  increase  in  TB 
at  18  GHz  occurs  over  a  rainfall  rate  of 
0-20  mm  hr  ^ ,  a  rapid  change  occurs  at  85.5  GHz 
over  a  very  small  rainfall  rate  of  0-2  mm  hr  ^ . 


OCEAN 

LAND 


240  -I 

I 


18  GHz 


37  GHz 


160H 


85.5  GHz 


20  30  40 

RAIN  RATE  (mm/h) 


Figure  3.6.  Brightness  temperature  -  rain  rate 
relationships  at  18,  37,  and  85.6  GHz.  Results 
were  calculated  using  the  radiative  transfer  model 
of  Wu  and  Weinman  (1984) .  The  vertical 
distribution  of  hydrometeors  was  based  upon 
averaged  radar  results  and  assume  ice  hydrometeors 
above  and  liquid  hydrometeors  below  the  freezing 
level  (Spencer  et  al . ,  1987). 
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The  increase  in  TB  occurs  until  a  critical 
rain  rate  is  reached.  Beyond  this  rain  rate,  the 
effect  of  absorption  of  the  liquid  hydrometeor 
decreases  and  the  effect  of  scattering 

predominates.  Wilheit  (1977)  showed  that  as  rain 
rates  increased,  the  amount  of  larger  droplets 
increases  .  These  larger  drops  then  scatter  the 

surface  emission  much  more  efficiently.  This  causes 
the  TB  to  decrease  with  increasing  rainfall  rate 
due  to  backscattering  of  low  intensity  emission 
from  space  (Olson,  1986) .  This  decrease  in  TB  may 
also  be  due  to  emission  at  higher  and  colder  levels 
in  the  atmosphere.  At  low  frequencies  this 
scattering  effect  is  mainly  due  to  the  larger 
raindrops,  which  scatter  more  efficiently.  However 
at  the  higher  frequencies,  37.0  and  85.5  GHz,  this 
scattering  is  due  to  ice  hydrometeors  present  in 
the  cloud  layer.  At  these  frequencies,  the  thicker 
the  ice  layer,  or  the  larger  the  concentration  of 
ice,  the  greater  the  radiative  scattering  and  the 
greater  the  TB  decrease. 

d-.  Changes  in  surface  emission 

As  has  just  been  shown  the  effects  of 
absorption  and  scattering  by  various  sized 


particles  will  have  a  definite 


impact  on  the  TB 
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measured  by  the  SSM/I  radiometer.  Along  with  this, 
changes  in  the  background  emissivity  will  affect 
the  measured  TB.  This  study  is  only  concerned  with 
tropical  storms  over  oceanic  regions,  so  only 
changes  in  the  emissivity  of  the  ocean  and  how  this 
will  change  the  TB  measured  by  the  SSM/I  will  be 
studied . 

As  mentioned  earlier,  because  TB' s  are  a 
function  of  the  surface  emissivity,  what  can  change 
the  emissivity  has  to  be  known.  There  are  two  ways 
to  change  the  emissivity  of  the  ocean;  increases 
in  wind  speed  or  rainfall.  The  work  of  Wilheit 
(1979)  and  Olson  (1986)  show  that  as  wind  speeds 
increase,  there  is  an  increase  in  the  surface 
roughness  (waves)  and  foam  caused  by  the  breaking 
of  the  waves.  Since  this  causes  the  reflectivity 
of  the  ocean  surface  to  decrease,  the  emissivity 
( t  =  1-r)  increases.  This  creates  enhanced  surface 
emission  leading  to  an  increase  in  TB  as  compared 
to  calm  conditions.  Earlier  work  by  Norberg  et  al . 
(1971)  showed  the  existence  of  a  nearly  linear 
relationship  between  the  increase  in  microwave 
emission  of  an  ocean  surface  and  an  increase  in 
wind  speeds.  This  linear  relationship  is  valid  for 
wind  speeds  greater  than  7  m  s  * .  At  wind  speeds 
less  than  7  m  s  \  there  doesn't  appear  to  be  a 
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large  enough  increase  in  surface  waves  to  cause  the 
formation  of  a  large  amount  of  foam. 

Fig.  3.7  shows  the  response  of  brightness 
temperatures  at  19.35,  22.235,  and  37.0  GHz  to 
changes  in  the  wind  speeds  over  an  ocean  surface. 
This  figure  is  for  a  clear  tropical  atmosphere. 
This  figure  illustrates  that  higher  surface 
emission  is  indicated  in  the  vertical  polarization 
than  in  the  horizontal  at  all  frequencies. 
However,  the  horizontal  polarization  is  more 
sensitive  to  the  emission  changes  due  to  wind 
speeds  than  in  the  vertical. 

Rain  impaction  can  cause  changes  in  the 
surface  emissivity.  But  according  to  Olson  (1986) 
the  effect  on  emissivity  by  wind  is  more  dominant 
than  rain  impaction. 


BRIGHTNESS  TEMPERATURE  (DEG  K) 


0  5  10  15  20  25  30 


WIND  SPEED  (m/sec) 


Figure  3.7.  Brightness  temperatures  as  a  function 
of  frequency,  polarization  (V  =  vertical,  H  = 
horizontal),  and  wind  speed  (Hollinger  et  al  .  , 


4.  SSM/I  DERIVED  RAIN  RATES 


a.  Latent  heat  release 

Historically,  rainfall  measurements  over  the 
oceans  have  been  poorly  made,  if  made  at  all. 
Except  for  satellite  measurements,  there  are  no 
means  to  estimate  rainfall  over  the  entire  ocean 
surface.  Ship  observations  suffer  from  inaccuracy 
due  to  platform  instability  and  sea-spray 
contamination.  Island  reports  are  not 
representative  of  the  surrounding  oceanic  areas, 
possibly  due  to  orographic  and  diurnal  influences. 
Radar  has  helped,  but  problems  with  attenuation  and 
calibration  of  the  signal,  as  well  as  the 
relatively  fixed  nature  of  the  radar  make  it 
unsuitable  for  large-scale  measurements. 

The  best  way  to  measure  global  oceanic  rain 
rates  seems  to  be  with  satellites.  Several 
techniques  have  been  developed  which  use  infrared 
or  visual  satellite  data  to  infer  rain  rates, 
however  none  of  these  provide  a  direct 
measurement.  Satellite  microwave  radiometers 
enable  a  more  accurate  measurement  of  world-wide 
rain  rates.  The  release  of  latent  heat  in 
precipitation  areas  such  as  tropical  cyclones  can 
then  be  calculated. 
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Many  authors  have  pointed  out  the  importance 
of  the  release  of  latent  heat,  through  condensation 
processes,  on  the  maintenance  of  tropical  storms 
(e.g.  Palmen  and  Riehl,  1957).  While  tropical 
cyclone  intensification  does  not  appear  to  be  soley 
dependent  on  latent  heat  release  (LHR) ,  it  is 
theorized  that  Conditional  Instability  of  the 
Second  Kind  (CISK)  is  closely  related.  The  ability 
to  specify  accurate  estimates  of  LHR  may  help  our 
modeling  of  tropical  cyclones  (Anthes,  1982). 

Previous  work  of  estimating  LHR  in  tropical 
cyclones  was  done  using  the  moisture  budget 
approach  with  conventional  and  aircraft  wind  and 
water  vapor  measurements.  But  it  is  not 
particularly  feasible  to  continuously  monitor  LHR 
in  a  tropical  cyclone  over  the  open  ocean  with  this 
technique.  As  stated  by  Rodgers  and  Adler  (1981), 
a  better  approach  to  frequent  monitoring  of 
tropical  cyclone  LHR  is  through  the  use  of  passive 
microwave  radiometers  flown  on  satellites  ,such  as 
the  SSM/I. 

In  this  chapter  a  method  similar  to  the  one 
used  by  Rodgers  and  Adler  (1981)  using  Nimbus-5 
ESMR  data  will  be  evaluated  using  the  SSM/I  derived 
rain  rates.  A  total  of  23  satellite  passes 
covering  12  tropical  cyclones  were  used  to 
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calculate  LHR .  The  cyclones  were  in  various  stages 
of  development  or  decay.  In  order  to  be  considered 
for  this  study  the  center  of  the  cyclone,  at  the 
time  the  SSM/I  passed  over  it,  had  to  be  within 
three  degrees  latitude  of  the  satellite  subtrack. 
This  would  ensure  sufficient  data  to  do  a  complete 
LHR  calculation. 

b.  data  analysis 

The  rain  rates  obtained  from  the  SSM/I  EDR’ s 
were  plotted  on  a  1:5,000,000  scale  mercator- 
projection  base  map.  For  each  storm,  a  grid 
covering  the  entire  storm  circulation  was  made. 
The  rain  rate  for  each  SSM/I  pixel  was  manually 
interpolated  to  the  nearest  quarter  of  a  degree  and 
plotted  onto  the  grid.  If  two  pixels  were 
interpolated  to  the  same  grid  point,  the  higher 
rain  rate  of  the  two  was  plotted. 

Once  the  rain  rates  for  each  maptime  had  been 
plotted,  an  average  rain  rate  was  computed  for 
areas  of  111,  222,  and  444  km  radius  from  the 
center  of  the  cyclone.  The  average  rain  rate  was 
computed  by  using  all  data  pixels  inside  each 
radii,  even  if  no  rain  was  indicated.  The  center 
of  the  cyclone  was  determined  from  the  Annual 


27 


Tropical  Cyclone  Report  (Joint  Typhoon  Warning 
Center  (JTWC) ,  1987) . 

The  LHR  was  computed  using  the  following 
f  ormula : 

LHR  =  Lp  f  Rda  (7) 

A 


where  L  is  the  latent  heat  of  condensation 

(2.5x10^  J  kg  ^)  ,  p  is  the  density  of  water 
-3  -3 

(1.0x10  kg  m  ),  da  is  the  incremental  area, 
and  A  is  the  area  of  integration.  The  integration 
was  calculated  over  a  circular  area  with  a  radius 
of  111,  222,  and  444  km.  As  in  Rodgers  and  Adler 
(1981) ,  the  precipitation  intensity  parameter  (PIP) 
was  also  calculated.  The  PIP  is  defined  as  the 
fraction  of  rain  contributed  by  rain  rates  greater 
than  5  mm  hr  ^ . 

The  LHR  and  PIP  results  for  all  storms  were 
combined  to  find  possible  relationships  between 
these  and  the  tropical  cyclones  intensity,  as 
measured  by  the  maximum  surface  wind  speeds .  The 
satellite  fix  data  supplied  by  JTWC  was  used  as 
the  "truth".  Specifically,  satellite  fix  data  is 
used  to  determine  the  storms  maximum  wind  speeds 
and  minimum  sea  level  pressure.  This  is 
accomplished  with  the  use  of  the  Dvorak  technique. 
While  the  Dvorak  technique  is  very  subjective,  it 
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is  generally  recognized  as  being  valid  and 
accurate . 

c.  Results  of  LHR  calculations 

The  rainrates,  LHR,  and  PIP  calculations  for 
the  individual  cyclones  are  shown  in  Table  4.1. 
The  average  rain  rates  at  111,  222,  and  444  km 
radius  for  the  18  mature  cyclones  (winds  l 
32.5  ms  are  compared  in  Table  4.2  to  those  done 
by  Rodgers  and  Adler  (1981) ,  and  various  authors 

using  the  moisture  budget  technique.  The  average 
SSM/I  rain  rates  for  this  study  were  comparable  to 
Rodgers  and  Adler  (1981)  at  all  radii.  Our  values 
are  consistently  low  because  Typhoons  Alex  (25  Jul 
1987) ,  and  Betty  (13  Aug  1987)  plus  Hurricane 

Florence  (10  Sept  1988)  had  SSM/I  pixels  which 
contained  coastal  topography.  The  SSM/I  coastal 
zone  is  one  pixel  wide  at  19.35  GHz.  In  these 
regions  no  EDR' s  are  computed.  So  for  these  three 
storms,  a  percentage  (10-15  %)  of  the  pixels  inside 
the  444  km  radius  were  treated  as  indeterminate  by 

the  SSM/I,  and  no  rain  rates  were  computed.  It  is 

probable  that  some  of  these  pixels  contained  rain. 
This  would  have  slightly  increased  the  average  rain 
rate  for  all  radii,  but  probably  not  more  than  a 
f ew  perc ent  . 
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Table  4.1  Results  of  Llj®  (xlO  W)  ,  average  rain 
rate  (ram  hr  ) ,  and  PIP  calculations. 

WIND 


STORM 

DATE/ 

TIME(UTC) 

SPEED 
(m  s  ) 

LHR 

AVERAGE  RAIN 
Rlll  R222 

RATE 

R444 

PIP 

FLORENCE 

9  SEPT 
1145 

88 

27.5 

2.78 

2.39 

1.48 

0.65 

0.65 

10  SEPT 
0015 

88 

35 . 0 

3.84 

0.88 

0.67 

0.89 

0 . 88 

LYNN 

17  OCT 
2005 

87 

32.5 

11.88 

3.57 

4  .43 

2.76 

0.14 

18  OCT 
0840 

87 

38.5 

9.26 

3.42 

4 .70 

2 . 15 

0.10 

24  OCT 
2201 

87 

J2 .5 

5 . 34 

3.32 

2.64 

1.24 

0.39 

25  OCT 
1035 

87 

27.5 

3 . 91 

2 . 30 

2.01 

0.91 

0 . 37 

25  OCT 
2150 

87 

22.5 

1.16 

1 . 34 

1.01 

0.27 

0.13 

26  OCT 
1023 

87 

17.5 

0.90 

0.82 

0.58 

0.21 

0.07 

ALEX 

25  JUL 
2200 

87 

32.5 

6.97 

3.73 

2.60 

1 .62 

0.24 

27  JUL 
1020 

87 

32.5 

1 . 37 

3.43 

1 . 30 

0.32 

0.53 

WYNNE 

25  JUL 
2020 

87 

45 .0 

4  .  39 

5.16 

2.96 

1.02 

0.21 

BETTY 

13  AUG 
1020 

87 

45.0 

7 . 03 

5 . 14 

3.94 

1 . 64 

0 . 33 

DINAH 

24  AUG 
2100 

87 

45.0 

8 . 30 

5  .23 

5 .10 

1 . 93 

0.27 

25  AUG 
0935 

87 

57.5 

12.56 

5  .27 

3.90 

2.92 

0 . 33 

HOLLY 

9  SEPT 
0810 

87 

63.5 

8 . 07 

3.21 

3.45 

1 . 87 

0 . 08 

NINA 

22  NOV 
2110 

87 

45 .0 

9.81 

4.89 

3.59 

2  .28 

0.32 
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Table  4.1  (continued) 


WIND 


STORM 

DATE/ 
TIME (UTC) 

SPEED 
(m  s  X) 

LHR 

AVERAGE  RAIN 
Rlll  R222 

RATE 

R444 

PIP 

CARY 

14  AUG  87 
2120 

38.5 

8.95 

5.00 

3.03 

2.08 

0.18 

FREDA 

6  SEPT  87 
0845 

27.5 

8.39 

3.98 

1 .90 

1.95 

0.28 

11  SEPT  87 
0930 

45.0 

9.30 

1.18 

3.19 

2.16 

0.29 

IAN 

28  SEPT  87 
0920 

32.5 

3.23 

3.03 

2.57 

0.75 

0.20 

KELLY 

12  OCT  87 
2105 

38.5 

8.76 

3.47 

4.80 

2.04 

0.24 

13  OCT  87 
2050 

38.5 

7.78 

2.57 

3.36 

1.81 

0.11 

14  OCT  87 
0930 

38.5 

4.52 

2.82 

2.26 

1.05 

0.19 

ALL  CYCLONES 

AVERAGES 

6.50 

3.31 

2.85 

1.50 

0.28 

18  MATURE 

CYCLONES 

7.30 

3.63 

3.26 

1.68 

0.28 

TABLE  4.2  Mean  rain  rate  c 

cyclones  (ram  hr 

jmparisons  for  i 

Radius  of  area 

111  222 

mature 

covered  (km) 

444 

Present  study 

3 . 6 

3.3 

1 .7 

Rodgers  and  Adler  (1981) 

4  .2 

3.4 

1.9 

Frank  (1977) 

3.9 

2.2 

Marks  (1985) 

2.7 

— 

30 


31 


The  average  LHR  within  444  km  of  the  center  of 

14 

the  cyclone  for  all  23  cases  was  6.5x10  W.  For 

the  18  mature  cases  the  average  LHR  was 

14 

7.3x10  W.  Once  again  this  is  in  reasonable 

agreement  with  Rodgers  and  Adler  (1981)  results  of 
14 

8,7x10  W.  The  average  PIP  for  all  23  cases  was 
0.28. 

Fig.  4.1  shows  how  the  LHR  and  maximum  surface 
winds  were  related  for  the  23  cases.  The  linear 
correlation  was  0.62.  The  t-distribution  test 
determined  this  to  be  significant  at  the  1%  level. 
This  is  also  very  close  to  the  0.71  correlation 
computed  by  Rodgers  and  Adler  (1981) .  As  seen, 
Typhoon  Holly  seems  to  be  an  anomaly  compared  to 
the  rest  of  the  data.  Chapter  6b  will  discuss  why 
Holly  seems  to  be  so  different .  If  Holly  is 
removed  from  Fig.  4.1  the  correlation  coefficient 
increases  to  0.68. 

Rodgers  and  Adler  (1980)  correlated  the  PIP 
values  with  cyclone  intensity.  They  found  a 
correlation  of  0,52  which  was  less  than  the 
corresponding  correlation  between  LHR  and  cyclone 
intensity.  When  the  PIP  data  calculated  from  the 
18  mature  cyclones  (wind  speeds  _  32.5  m  s  ^)  were 
correlated  with  cyclone  intensity  in  this  study  a 
negative  correlation  of  -0.20  was  found.  The  exact 
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reason,  for  this  in  not  known,  however  it  appears 
that  many  of  the  cyclones  used  in  this  study  were 
characterized  by  large  areas  of  uniform  rain  with 
rain  rates  of  5  mm  hr  ^  or  less  resulting  in  low 
PIP  values , 

Another  factor  which  may  have  created  this 
negative  correlation  is  that  of  the  18  mature 
cyclones,  six  weakened  in  intensity  in  the  36  hours 
following  the  SSM/I  pass  which  was  used  in  the  rain 
rate  study.  Rodgers  and  Adler  (1981)  found  that 
the  maximum  intensity  was  reached  1-2  days  after 
the  maximum  LHR  was  obtained.  Because  one  third  of 
the  cyclones  used  in  this  study  weakened  in  the  36 


hours 

after 

the  SSM/I  pass  , 

it 

seems  reasonable  to 

expect 

that 

their 

maximum 

LHR 

had  already 

been 

reached 

and 

their 

rain  rates 

and  PIP  values 

were 

declining  at  the  time  of  the  SSM/I  pass.  This 
would  then  have  a  negative  effect  on  the  rest  of 
the  data  when  a  correlation  was  computed. 

d.  Observations  of  reinbend  structure 

One  advantage  of  using  microwave  radiometric 
data  is  the  ability  to  penetrate  thick  cloud  layers 
and  detect  the  structure  of  convective  rainbands. 
This  is  not  possible  with  visible  and 
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infrared  satellite  data  because  the  thick  cirrus  at 

the  top  of  the  cloud  layers  will  absorb  at  infrared 

wavelengths  and  scatter  at  visible  wavelengths. 

Even  though  the  SSM/I  has  the  ability  to 

observe  the  rainband  structure,  because  of  its 

2 

large  field  of  view  (approximately  800  km  )  the 
measured  rain  rates  will  tend  to  be  an  average  over 
this  area.  As  a  result  rain  rates  in  the  heavier 
convective  regions  near  the  eyewall  are  grossly 
underest imat  ed . 

Figs.  4.2  through  4.4  show  the  SSM/I  derived 

rain  rate  pattern  for  Typhoons  Dinah,  Holly,  and 

Wynne.  In  all  three  figures  the  SSM/I  shows  the 

rainband  structure  as  well  as  the  asymmetry  of  the 

rainbands .  Fig.  4.2  shows  a  maximum  rain  rate  of 
-1 

12  mm  hr  just  south  of  the  eye  of  Typhoon  Dinah. 
The  asymmetry  of  Dinah  is  very  apparent.  While  a 
strong  band  of  convection,  with  rain  rates  greater 
than  6  mm  hr  ^ ,  exists  from  southwest  through 
northeast  of  the  cyclone,  only  a  small  area  of  rain 
rates  greater  than  4  mm  hr  ^  appears  on  the  west  or 
north  side  of  the  cyclone.  Evidence  of  a  large 
feeder  band  can  be  seen  as  an  appendage  in  the  rain 
rates  on  the  east  side. 


Figure  4.2.  Plot  of  SSM/I  rain  rates  for  Typhoon 
Dinah 


OMSP  SSM/I 
RAIN  RATES  (mm.hr->) 
TYPHOON  HOLLY 
9  SEPT  87  0810  UTC 


Figure  4.4.  As  in  Fig.  4.2  except  for  Typhoon 
Wynne . 


37 


38 


Fig.  4.3  shows  the  core  region  of  Typhoon 
Holly  as  an  area  with  rain  rates  greater  than 
6  mm  hr  ^  surrounding  the  center.  The  asymmetry  of 
the  rainbands  is  once  again  very  evident  with  rain 
rates  greater  than  6  mm  hr  ^  from  the  northwest 
through  the  northeast,  east,  and  south  of  the 
cyclone  center.  A  relatively  dry  area  shows  up 
west  of  the  center. 

Typhoon  Wynne  is  shown  in  Fig.  4.4.  This 
cyclone  was  described  by  the  forecasters  at  JTWC  as 
a  "midget"  typhoon.  This  can  be  seen  by  its  small 
area  of  rain.  Typhoon  Wynne  had  a  strong  band  of 
convection  (rain  rates  greater  than  6  mm  hr  "S  to 
the  southeast  of  the  center. 


5.  SSM/I  DERIVED  WIND  SPEEDS 


a.  Data  analysis 

As  discussed  in  chapter  3d,  changes  in  the 
surface  emissivity  of  the  ocean  will  cause  changes 
in  the  observed  brightness  temperature.  One  way  to 
change  the  emissivity  of  the  ocean  is  to  increase 
the  wind  speed  over  its  surface.  The  SSM/I  has  the 
ability  to  sense  these  changes  in  emissivity  and 
determine  the  resulting  wind  speed.  In  this 
section  a  large  data  base  is  developed  which  will 
determine  the  accuracy  of  the  SSM/I  derived  wind 
speeds . 

The  TB' s  measured  by  the  SSM/I  are  used  in  a 
set  of  linear  regression  equations  to  determine 
various  environmental  parameters  (EDR' s) .  Wind 
speeds  over  the  oceans  are  one  of  these 
parameters.  To  calculate  wind  speeds  at  any 
particular  pixel  point,  the  following  regression 
equation  is  used: 

W  =  Cq  +  CVTB(19H)  +  C2-TB(22)  +  C3-TB(37V)+C4-TB(37H)  (8) 

where  Cg , , C2 , , and  are  coefficients  which 
depend  on  the  latitude  of  the  pixel,  as  well  as  the 
time  of  year.  These  coefficients  have  been 
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determined  based  on  radiative  transfer  modeling, 
geophysical  models,  an  inversion  algorithm,  and 
climatology.  Hollinger  et  al .  (1987)  discuss  this 
dependence  in  greater  detail  and  also  list  the 
original  values  of  the  coefficients .  In  September 
1988  these  coefficients  were  given  new  values  based 
on  the  recommendation  of  researchers  using  the 
original  coef f icients  .  With  the  original 
coefficients,  the  SSM/I  derived  wind  speeds  showed 
a  large  positive  bias  (3-6  m  s  ^)  at  low  wind 
speeds  (0-12  ms  ^) ,  as  well  as  a  smaller  negative 
bias  at  high  wind  speeds  (30+  m  s  .  This  study 
used  the  new  set  of  coefficients. 

The  derived  wind  speeds  using  the  revised 
coefficients  were  compared  to  land  and  ship 
observations.  It  is  known  that  surface  winds  as 
measured  by  land  based  stations  are  generally  not 
representative  of  winds  over  the  open  ocean  due  to 
surface  friction  and  differences  in  the  thermal 
structure.  Therefore  a  correction  to  the  land 
based  wind  speed  measurements  must  be  made.  Hsu 
(1986)  studied  many  pairs  of  onshore  and  offshore 
wind  measurements  under  various  wind  conditions. 
The  following  linear  regression  equation  was 


derived  by  Hsu: 
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Usea  1.62  +  1.17  x  U!and  (9) 

where  the  wind  speeds  are  in  meters  per  second. 

Although  (9)  does  not  take  into  account  the  air-sea 

temperature  differences,  Hsu  found  the  results  to 

be  satisfactory. 

In  order  to  be  used  in  this  study,  a  SSM/I 
data  pixel  had  to  meet  certain  spatial  and  temporal 
criteria.  Initially  it  had  to  be  within  30  nm  and 
±  3  hours  of  the  verifying  land/ship  data  point. 

Furthermore,  the  verifying  land  and  ship  reports 
should  report  no  precipitation.  This  is  to 
eliminate  any  contamination  by  rainfall  interfering 
with  the  emissivity  of  the  ocean  surface  (see 
chapter  3d) .  The  value  of  30  nm  was  chosen  because 
the  SSM/I  algorithm  will  not  compute  EDR' s  within 
one  pixel  of  the  coast.  Because  there  is  a  25  km 
distance  between  successive  pixels  for  the  channels 
used  in  the  wind  speed  algorithm,  30  nm  was  a  large 
enough  distance  to  ensure  this  was  not  a  problem. 
The  closest  SSM/I  pixel  to  the  verifying  land/ship 
observation  was  used. 

Several  different  methods  were  used  to 
evaluate  the  SSM/I  derived  wind  speeds.  Once  all 
the  data  pairs  were  collected,  a  statistically 
based  evaluation  was  made.  Two  types  of  best  fit 
curves  were  then  applied  to  the  data:  linear  and 
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semi-logarithmic.  For  all  these  methods,  data  for 
six  cyclones  with  the  following  SSM/I  passes  were 
used  : 

Thelma 

13  Jul  87  @  2100  UTC 

14  Jul  87  @  0941  UTC 

Vernon 

20  Jul  87  @  1010  UTC 

21  Jul  87  @  1000  UTC 

Alex 

26  Jul  87  @  1030  UTC 

27  Jul  87  @  1025  UTC 

Floyd 

12  Oct  87  @  2330  UTC 

13  Oct  87  @  1040  UTC 

Lynn 

24  Oct  87  @  2200  UTC 

25  Oct  87  @  1030  UTC 

25  Oct  87  @  2150  UTC 

26  Oct  87  @  1020  UTC 

Susan 


1  Jun  88  @  2215  UTC 
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b.  Results 

The  results  of  this  wind  verification  study 
are  shown  in  Table  5.1.  In  the  first  case  study, 
the  SSM/I  pixels  met  the  30  nm  and  -  3  hour 
criteria  (see  earlier  discussion) .  A  total  of  799 
data  pairs  were  evaluated.  The  results  are  shown 
in  column  A  of  Table  5.1.  The  values  for  A,  B,  a, 
and  b  denote  constants  used  in  the  linear  and 
nonlinear  equations,  while  r  is  the  correlation 
coefficient.  The  scatter  diagram  for  the  linear 
fit  in  column  A  is  shown  in  Fig.  5.1.  Compared  to 
the  old  coefficients,  the  new  set  does  a  much 
better  job  at  the  low  wind  speeds.  However,  both 
the  linear  and  semi-log  equations  badly 
underestimated  the  winds  when  the  speeds  were 
greater  than  16ms  ^ . 

One  of  the  inherent  problems  in  using  the 

SSM/I  data  is  the  size  of  the  footprint.  Of  the 

four  frequencies  used  in  the  wind  speed  algorithm, 

the  37  GHz  channel  has  the  smallest  footprint  at 

2 

approximately  800  km  .  Because  of  this,  the  wind 
speed  derived  by  the  SSM/I  will  be  an  areal 
averaged  value  over  this  footprint.  There  is  a 
problem  comparing  this  value  to  an  in  situ 
measurement.  While  it’s  not  possible  to  change  the 


TABLE  5.1  Results  of  wind  speed  study 
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ALL  WINDS  CM/SD 


Figure  5.1.  Scatter  plot  of  SSM/I  derived  wind 
speeds  versus  "truth"  data  along  with  linear 
regression  line. 
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size  of  the  SSM/I  footprint,  it  is  possible  to 
change  the  temporal  criteria  to  get  the  SSM/I  data 
as  close  in  time  as  possible  to  the  in  situ 
measurement . 

In  the  second  case  the  temporal  criteria  is 
changed  to  il  hour.  The  corresponding  results  for 
a  total  of  258  data  pairs  are  shown  in  Table  5.1, 
column  B.  While  the  linear  fit  gave  results  which 
were  similar  to  those  found  in  column  A,  the  semi¬ 
log  fit  (Fig.  5.2)  showed  a  marked  improvement. 
This  is  especially  true  at  wind  speeds  greater  than 
12  m  s'*".  Because  most  of  the  data  in  this  case 
was  for  winds  less  than  20  m  s  ^ ,  results  above 
this  value  should  be  used  with  caution. 

Another  problem  mentioned  in  chapter  3d  is  the 
determination  of  wind  speeds  in  the  presence  of 
rain.  Rain  is  a  problem  for  two  reasons.  First, 
rain  impaction  on  the  surface  of  the  ocean  will 
tend  to  decrease  the  reflectivity  of  the  ocean 
surface  therefore  increasing  the  emissivity.  This 
could  possibly  lead  to  an  overestimation  of  the 
wind  speed.  Secondly,  the  frequencies  used  in  the 
wind  speed  algorithm  (19,  22,  and  37  GHz)  are 
heavily  attenuated  by  rain.  This  will  mask  the 
wind  speed  measurements  which  can  be  detected  due 
to  formation  of  foam  and  waves  on  the  ocean 
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surface.  Because  of  this,  an  accurate  measurement 
of  the  wind  speed  in  the  presence  of  rain  is  not 
possible.  In  columns  C  and  D,  the  spatial  and 
temporal  criteria  are  the  same  as  used  in  columns  A 
and  B  respectively,  but  this  time  only  data  pairs 
where  the  land/ship  observation  was  indicating  the 
presence  of  rain  are  used.  The  results  (Figs.  5.3 
and  5.4)  indicate  the  SSM/I  overestimates  at  low 
wind  speeds  (0-10  m  s  ,  but  improves  as  wind 
speeds  increase.  This  seems  to  agree  with  Olson 
(1987)  who  felt  that  in  tropical  cyclones,  the  wind 
effect  would  dominate  the  rain  impaction.  This 
would  especially  be  true  at  the  higher  wind  speeds. 

According  to  the  t-distribution  test,  all  of 
the  results  shown  in  this  chapter  were  significant 
at  less  than  the  1%  level. 

Recently,  Hollinger  (1989)  completed  an 
extensive  review  of  all  SSM/I  derived  environmental 
parameters.  They  concluded  that  the  SSM/I  derived 
wind  speeds  are  most  accurate  near  a  mean  of 
7  m  s  ^  and  become  worse  at  wind  speeds  above  this 
value.  They  showed  a  negative  bias  of  2  m  s  ^  for 
wind  speeds  in  the  range  of  12-19  ms  ^ .  This  is 
very  similar  to  the  results  in  Table  5.1,  for  the 
semi-log  fit  shown  in  column  B. 
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Hollinger  <1989)  also  concluded  that  the 
accuracy  of  the  derived  wind  speeds  deteriorates 
rapidly  in  the  presence  of  rain.  A  set  of  four 
rain  flags  has  been  developed  which  are  to  be  used 
only  where  rain  is  present,  and  will  give  accuracy 
limits  that  must  be  referred  to  under  these  rain 
conditions.  Because  the  accuracy  diminishes  as 
rain  rates  increase,  the  ability  of  the  SSM/I  to 
determine  wind  speeds  near  the  center  of  the 
cyclone  in  the  presence  of  heavy  rain  is 
questionable . 


6.  85  GHz  BRIGHTNESS  TEMPERATURES 


a.  Background  and  channel  determination 

While  the  SSM/I  provides  rain  rates  and  wind 
speeds  (EDR' s)  associated  with  a  tropical  cyclone, 
the  SDR' s  (TB’s)  may  hold  a  key  to  equally 
important  parameters  such  as  cyclone  intensity  and 
possibly  its  future  development  or  decay.  In  this 
chapter  the  85  GHz  vertically  polarized  TB' s  will 
be  used  to  draw  some  conclusions  concerning  cyclone 
intensity.  Specifically,  the  difference  in  TB’s 
between  the  core  and  the  environment  surrounding 
the  cyclone  will  be  used  to  find  a  relationship 
with  the  cyclone  intensity. 

Gentry  et  al ,  (1980)  found  a  strong 
correlation  between  the  measured  equivalent 
blackbody  temperatures  (TBB)  of  cloud  tops  near  a 
cyclone  center  and  the  future  intensity  of  that 
cyclone.  They  found  that  the  lower  the  mean  TBB  of 
the  cloud  tops  over  the  cyclone  center,  the 
stronger  and  more  persistent  the  convection.  A 
decrease  in  TBB  was  well  correlated  to  an  increase 
in  the  maximum  winds.  Fig.  6.1  depicts  data  for 
two  cases  where  the  lowest  TBB’ s  were  actually 
reached  one  to  three  days  prior  to  the  cyclone 
reaching  it  maximum  wind  speeds . 
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Kidder  et  al .  (1978)  used  the  55.45  GHz  data 
of  the  Scanning  Microwave  Spectrometer  on  board  the 
Nimbus  6  satellite  to  estimate  the  central  pressure 
and  maximum  winds  in  tropical  cyclones.  The 
weighting  function  of  the  55.45  GHz  channel  peaks 
in  the  region  of  the  maximum  temperature  anomaly, 
centered  near  250  to  300  mb.  Fig.  6.2  shows  the 
correlation  between  the  temperature  anomaly  and  the 
central  pressure. 

A  similar  approach  with  the  SSM/I  data  is 
attempted  in  this  study.  The  85  GHz  channel  is 
chosen  because  it  shows  an  almost  linear  decrease 
in  TB  with  increasing  rain  rates  (see  Fig.  3.6)  . 
This  channel  is  very  sensitive  to  ice  hydrometeors 
at  the  top  of  the  clouds.  Because  the  density  of 
ice  hydrometeors  and  rain  rate  are  related  (Wu  and 
Weinman,  1984) ,  TB' s  will  decrease  with  increasing 
rain  rate  and  increasing  thickness  of  the  ice 
layer.  Fig.  6.3  illustrates  the  variation  of  TB' s 
with  various  rain  rates  at  a  frequency  of  92  GHz. 
Wu  and  Weinman  (1984)  also  showed  the  85  GHz 
channel  to  be  sensitive  to  the  upper  3-5  km  of  a 
cloud  which  contains  ice  hydrometeors. 

Figs.  6.4  and  6.5  depict  west  to  east  cross 
sections  of  Typhoons  Dinah  and  Cary  respectively. 
The  SSM/I  derived  rain  rates  (solid)  and  the 
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Figure  6.4.  West  to  east  cross  section  through 
Typhoon  Dinah  (25  Aug  1987  Q  0935  UTC) .  Distance 
in  Km  from  the  center  of  the  cyclone  are  depicted 
on  the  x-axis.  Dashed  line  represents  TB’s,  while 


,re  6.5.  As  in  Fig.  6.4  except  for  Typhoon  Cary 
Aug  87  @  2120  UTC) . 
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corresponding  85  GHz  vertically  polarized  TB' s 
(dashed)  are  plotted  for  each  quarter  degree  data 
point  used  in  the  LHR  study.  It  is  seen  that  as 
the  rain  rate  increased,  the  corresponding  85  GHz 
TB  decreased,  verifying  the  theory  proposed  earlier 
that  as  the  rain  rate  increased,  the  amount  of  ice 
hydrometeors  also  increased,  leading  to  a  decrease 
in  the  measured  85  GHz  TB . 

But  why  use  the  vertical  polarization? 
Wilheit  et  al  .  (1982)  determined  that  scattering  is 

independent  of  polarization,  while  variations  in 
surface  properties  show  up  more  strongly  in  the 
horizontal  polarization  TB' s .  Therefore  he 
concluded  that  to  enhance  the  scattering  effects, 
as  opposed  to  the  surface  effects,  the  vertical 
polarization  should  be  chosen. 

In  this  study  the  average  85  GHz  vertically 
polarized  TB' s  for  a  6x6*  box  are  compared  to 
those  for  inner  boxes  of  2x2°,  3x3*,  and  4x4*. 
All  these  boxes  are  centered  on  the  cyclone  (as 
reported  by  JTWC) .  As  shown  by  Frank  (1977)  this 
will  compare  the  TB's  of  the  outer  rainbands  to 
that  of  the  eyewall  region  and  inner  rainbands  of 
the  cyclone.  Since  the  heaviest  rain  rates  and 
largest  concentration  of  ice  hydrometeors  are 
normally  found  in  the  eyewall  and  inner  rainband 
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region  of  a  tropical  cyclone  (Frank,  1977) ,  the 
85  GHz  vertically  polarized  TB’ s  of  this  region 
should  be  lower  than  in  the  surrounding  rainbands. 
It  is  also  postulated  that  the  difference  in 
average  TB’ s  between  the  inner  and  outer  regions  of 
a  cyclone  should  increase  as  its  intensity 
increases . 

b.  Bata  analysis  and  results 

The  85  GHz  vertically  polarized  TB’ s  were 
plotted  on  the  same  type  of  grid  used  in  the  LHR 
computations  in  chapter  4b.  The  TB' s  were  plotted 
every  quarter  of  a  degree,  even  though  the  85  GHz 
TB  is  available  every  eighth  of  a  degree.  The  size 
of  the  smaller  inner  box  varied  from  2x2!,  3x3°, 
and  4x4*  for  each  cyclone.  The  temperature 
difference  between  the  larger  6x6*  box  was  compared 
to  that  of  the  smaller  boxes.  This  temperature 
difference  was  then  correlated  to  the  cyclone 
intensity  as  reported  by  JTWC .  The  cyclone 
intensity  was  obtained  from  the  Current  Intensity 
(Cl)  number  (Dvorak,  1984) .  The  Cl  was  then 
related  to  the  maximum  surface  winds  as  shown  in 
Fig .  6.6. 
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Figure  6.6.  Empirical  relationship  between  the 
current  intensity  number  (Cl) ,  the  maximum  mean 
wind  speeds  (MWS) ,  and  the  minimum  sea  level 
pressure  (MSLP)  in  tropical  cyclones  (Dvorak, 
1984)  . 
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With  the  size  of  the  inner  box  set  at  3x3* , 
Fig.  6.7  shows  that  generally  the  maximum  wind 
speeds  increased  with  increasing  TB  difference. 
Typhoons  Dinah  and  Holly  stood  out  as  anomalies 
because  high  surface  winds  did  not  reveal  a  large 
TB  difference.  The  reason  for  this  will  be 
explained  shortly.  When  these  two  cyclones  were 
removed,  the  correlation  coefficient  improved 
significantly  from  0.45  to  0.70.  The 
t-distribut ion  test  revealed  this  to  be  significant 
at  less  than  the  1%  level .  With  Typhoon  Dinah  and 
Holly  included,  the  t-test  was  significant  at  the 
2%  level. 

The  size  of  the  inner  box  was  then  varied  to 
see  if  a  better  correlation  could  be  obtained. 
2x2°  and  4x4°  sized  boxes  were  used.  The  results 
are  shown  in  Figs.  6.8  and  6.9, 
respectively.  The  2x2°  area  encompasses  the 
eyewall  region  while  the  4x4*  area  combines  the 
eyewall  and  the  inner  rainbands.  Once  again, 
Typhoon  Holly  stood  out  as  an  anomalous  storm. 
When  this  data  point  was  removed  from  both  data 
sets,  the  correlation  coefficients  for  the  2x2*  and 
4x4*  boxes  increased  to  0.72  and  0.78, 
respectively.  The  t-distribution  test  determined 
both  cases  to  be  significant  at  the  1%  level 


Figure  6.7.  Scatter  plot  of  tropical  cyclone 
maximum  wind  speeds  versus  85  GHz  vertically 
polarized  brightness  temperature  difference  for  the 
3x3*  inner  box  case. 
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Figure  6.8.  As  in  Fig.  6.7  except  for  the  2x24 
inner  box  case. 
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Figure  6.9,  As  in  Fig.  6.7  except  for  the  4x4 
inner  box  case. 
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It  should  be  mentioned  that  the  determination 
of  the  Cl  through  the  use  of  the  Dvorak  technique 
is  very  subjective.  At  the  same  time,  the 
determination  of  the  TB  differences  between  the 
large  and  small  sized  boxes  is  very  precise. 
Because  a  subjective  value  is  compared  to  an  exact 
measurement,  this  leads  to  a  lower  correlation  than 
if  both  variables  were  measured  in  a  precise 
manner . 

Earlier  it  was  mentioned  that  Typhoons  Holly 
and  Dinah  seemed  to  be  anomalous  cyclones.  This 
apparent  anomaly  can  be  explained  as  follows.  In 
reviewing  the  plotted  rain  rates  used  in  the  LHR 
calculations,  it  was  noted  that  Typhoon  Holly  did 
develop  two  unique  characteristics  which  set  it 
apart  from  other  cyclones  whose  wind  speeds  were  in 
excess  of  40  m  s  ^ .  For  Typhoon  Holly  the  average 
rain  rate  for  the  area  of  111  km  radius  was  smaller 
than  the  corresponding  rate  for  the  area  of  222  km 
radius.  Another  unique  characteristic  was  its  low 
PIP  value  of  0.08,  This  value  was  much  less  than 
the  second  lowest  cyclone  (Typhoon  Wynne)  which  had 
a  value  of  0.21.  The  rest  of  the  cyclones  had  PIP 
values  greater  than  0.25. 
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How  does  this  relate  to  the  anomalous  TB 
differences?  In  mature  cyclones,  the  largest  rain 
rates  usually  occur  near  the  eyewall  and  inner 
rainbands  where  the  strongest  convection  exists. 
This  will  result  in  very  low  observed  85  GHz 
TB’ s .  But  in  Typhoon  Holly,  its  low  PIP  indicates 
it  consisted  of  a  lower,  more  uniform  rain  rate 
with  most  of  the  rain  rates  being  less  than 
6  mm  hr  ^ .  This  will  result  in  a  more  uniform  85 
GHz  TB  over  the  entire  cyclone. 

Another  important  observation  is  that  at  the 
time  of  the  SSM/I  pass  (  9  Sept  1987  @  0810  UTC) 
Typhoon  Holly  was  within  six  hours  of  reaching  its 
maximum  intensity  of  140  kts  (70  m  s  "S  . 
Rodgers  and  Adler  (1981)  showed  LHR  values  decrease 
one  to  two  days  before  the  maximum  cyclone 
intensity  is  reached.  This  infers  that  the  total 
storm  rainfall  also  decreases.  Fig.  6.1  showed  a 
one  to  two  day  lag  in  TB' s  measured  near  the  core 
of  the  cyclone  (region  of  maximum  convection)  and 
the  maximum  cyclone  intensity.  This  is  what  has 
occurred  to  Holly.  It  was  near  its  maximum 
intensity,  but  the  convection  and  associated  heavy 
rain  rates  in  its  eyewall  and  inner  rainbands  had 
already  begun  to  weaken  1-2  days  prior  to  the  SSM/I 
pass.  This  leads  to  a  more  uniform,  weakening  rain 
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rate  over  the  entire  cyclone  (as  noted  by  a  low 
PIP),  and  therefore  a  more  uniform  85  GHz  TB. 

Typhoon  Dinah  also  stood  out  in  the  3x3°  case 
for  the  same  reason.  At  the  time  of  the  SSM/I  pass 
(25  Aug  1987  @  0935  LTC)  Jinah  was  less  than  12 
hours  away  from  its  maximum  intensity  of  137  kts 
(63.5  m  s  X) .  It  therefore  had  the  same  uniform 
85  GHz  TB  field  as  Typhoon  Holly. 

It  should  be  noted  that  22  cyclones  were  used 
in  this  study  as  compared  to  23  cyclones  used  in 
the  LHR  study  (Table  4.1) .  Typhoon  Freda  (11  Sept 
87  @  0930  UTC)  was  discarded  because  it  showed  a 
negative  TB  difference  between  the  inner  radii  of 
the  storm  and  its  surroundings.  It  fits  the  same 
scenario  as  Typhoon  Holly.  It  reached  maximum 
intensity  approximately  18  hours  before  the  SSM/I 
pass. 

c.  85  GHz  TB'S  as  a  forecasting  parameter  of 
cyclone  intensity 

As  mentioned  earlier.  Gentry  et  al .  (1980) 
found  a  stronger  correlation  between  the  TBB’ s  and 
the  future  intensity  of  the  cyclone  rather  than 
between  TBB’ s  and  the  current  intensity.  In  this 
section  a  similar  experiment  using  the  SSM/I  data 
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Using  the  same  TB  differences  obtained  in  the 
previous  section  for  the  2x2 3,  3x3°,  and  4x4° 
boxes,  these  values  are  compared  to  the  winds  24 
hours  after  the  SSM/I  pass.  The  maximum  wind 
speeds  at  the  24  point  were  obtained  from  the  data 
provided  by  JTWC  which  gave  the  Cl.  The  scatter 
diagrams  for  the  24  hour  forecast  are  shown  in 
Figs.  6-10  through  6-12.  The  t-distribution  test 
showed  all  three  cases  to  be  significant  at  the  1% 
level  or  less . 

It  is  seen  that  only  20  cases  were  used  in 
the  forecast  study  in  contrast  to  the  22  used  in 
the  previous  test.  The  reason  for  this  is  that  the 
two  cases  which  were  omitted  involved  Hurricane 
Florence,  which  made  landfall  in  the  24  hours  after 
each  of  the  two  time  periods  used  previously. 
Since  making  landfall  changes  the  structure  of  a 
cyclone,  Florence  was  therefore  unique  in 
comparison  to  the  rest  of  the  cyclones  and  was  not 
included . 

The  results  show  that  a  stronger  correlation 
exists  between  the  TB  differences  and  the 
forecasted  cyclone  intensity  at  the  24  hour  point. 
This  holds  true  for  all  three  of  the  different 
sized  inner  boxes.  If  the  data  for  Typhoons  Holly 
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and  Dinah  are  once  again  removed,  as  was  done  in 
the  previous  section,  the  results  show 
improvement.  The  correlations  rose  to  0.64,  0.70, 
and  0.74  for  the  2x2°,  3x3°,  and  4x4°  sized  inner 
boxes,  respectively. 

Although  the  sample  size  of  this  study  is 
rather  small  (20-22  cases)  ,  the  results  show  that 
the  TB  data  from  the  vertically  polarized  85  GHz 
channel  can  be  useful  in  determining  both  the 
cyclones’  current  intensity  as  well  as  its  future 
(24  hour)  intensity. 

d.  Detection  of  a  tropical  cyclone  eye 

Of  the  20  SSM/I  passes  used  in  the  previous 
study,  there  were  three  cyclones  having  a  visible 
eye  as  seen  by  visual/infrared  satellite  data, 
Typhoon  Dinah  (25  Aug  1987  @  0935  UTC  SSM/I  pass) 
was  reported  to  have  a  24  nm  (39  km)  eye,  Typhoon 
Holly  (9  Sept  1987  @  0810  UTC)  had  a  20  nm  (32  km) 
diameter  eye,  and  Typhoon  Wynne  (25  Jul  1987  @  2020 
UTC)  with  a  16  nm  (26  km)  eye.  Due  to  the  superior 
footprint  resolution  (15x13  km)  and  a  scan  spacing 
of  only  12.5  km  between  pixels,  it  seems  reasonable 
to  expect  the  85  GHz  channel  to  have  the  ability  to 
detect  an  eye  the  size  of  those  listed  above. 


74 


Due 

to  the 

strong  subsidence 

in  the  eye  there 

will 

be 

little 

if  any  convection 

present  .  With  a 

lack 

of 

convect 

ion,  the  amount  of 

ice  hydrometeors 

present  in  the  eye  region  should  be  very  small.  It 
is  possible  though,  for  a  thin  layer  of  cirrus, 
from  nearby  convection,  to  cover  the  eye.  The  lack 
of  any  significant  amount  of  ice  hydrometeors 
should  lead  to  very  little  scattering  of  microwave 
radiation  at  85  GHz.  Because  of  the  lack  of 
scattering,  the  observed  85  GHz  TB  should  be 
warmer  in  the  eye  region  than  it  will  be  for  the 
area  surrounding  the  eye,  which  consists  of  the 
heavy  convection  associated  with  the  eyewall.  So 
it  seems  reasonable  to  expect  well  defined  eyes  to 
show  up  as  warm  regions  in  the  85  GHz  TB  data. 
To  verify  if  this  holds  true,  north-south  and  west- 
east  cross  sections  of  the  85  GHz  TB’ s  were 
analyzed  for  each  of  the  three  cyclones  which  had 
visible  ey es  . 

Figs.  6.13  and  6.14  show  Typhoon  Dinah,  which 
had  the  largest  reported  eye  at  39  km  in  width. 
Both  cross  sections  show  warm  TB’ s  (250-275:  K)  at 
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In  fact,  the  rain  rates  for  Typhoon  Dinah  showed 
that  in  the  region  surrounding  the  cyclone  center, 
the  largest  values  were  just  south  (12  mm  hr  ^)  and 
east  (9  mm  hr  of  the  center.  The  smallest  rain 
rates  were  to  the  north  and  west  at  4  and 
6  mm  hr  respectively.  The  size  of  the  eye  on 
the  TB  cross  sections  is  comparable  to  the  39  km 
reported  by  JTWC . 

Figs.  6.15  and  6.16  show  the  cross  sections 
for  Typhoon  Holly.  Once  again  the  eye  is 
characterized  by  an  area  of  warm  TB’ s .  The  spike 
of  warm  TB' s  is  smaller  than  it  was  for  Typhoon 
Dinah.  This  is  reasonable  because  the  size  of  the 
eye  reported  by  JTWC  was  smaller  (32  km) . 
Convection  in  the  eyewall  showed  up  as  colder 
(~200°K)  TB' s .  Typhoon  Wynne  (Figs.  6.17  and  6.18) 
had  the  smallest  eye  at  26  km.  The  plot  of  TB’ s 
reveals  a  double  maximum.  The  larger,  more 
pronounced  temperature  maximum  occurs  at  the 
cyclone  center,  while  a  smaller  maximum  occurs 
25-35  km  to  the  south  and  east  of  the  cyclone 
center . 


The  cross  sections  of  TB's  for  the  three 
cyclones  show  that  the  85  GHz  TB  data  can  be  used 
to  locate  the  eye.  Many  times  an  eye  may  be 
present  but  covered  up  by  a  thin  layer  of  cirrus. 
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As  was  seen,  if  the  layer  of  cirrus  is  thin,  the  TB 
data  at  85  GHz  should  show  a  warm  region  under  this 


cirrus . 


7.  CONCLUSIONS 


This  study  has  shown  that  the  SSM/I  provides 
valuable  data  to  determine  the  current  intensity 
of  tropical  cyclones,  as  well  as  a  24  hour 
forecast  of  intensity, 

In  order  to  correctly  apply  the  data  an 
understanding  of  the  radiative  transfer  processes 
at  the  SSM/I  frequencies  is  essential.  It  was 
shown  that  the  absorbing  coefficient  for  raindrops 
is  at  a  maximum  at  lower  rain  rates,  while  the 
scattering  becomes  important  above  a  critical  rain 
rate.  It  was  also  seen  how  this  scattering  is 
frequency  dependent.  Above  this  critical  rain 
rate  the  TB' s  will  actually  decrease  as  the  rain 
rate  continues  to  increase.  It  was  also  shown 
that  at  the  high  frequencies  (37  and  85.5  GHz) , 
the  scattering  due  to  ice  hydrometeors  is  very 
important . 

Since  this  study  was  only  concerned  with 
radiometric  measurements  of  tropical  cyclones  over 
oceanic  regions,  it  was  shown  that  changes  in  wind 
speeds  over  the  surface  of  the  ocean  leads  to  an 
increase  in  the  measured  TE ,  Rain  will  also  cause 
an  increase  in  the  surface  emission  and  therefore 
can  lead  to  an  increase  in  the  measured  TB.  This 
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causes  a  problem,  especially  when  surface  wind 
speeds  are  measured  in  the  presence  of  rain.  At 
low  wind  speeds,  the  rain  caused  the  SSM/I  to 
greatly  over  estimate  the  wind  speeds. 

The  SSM/I  derived  rain  rates  are  useful  in 
estimating  the  LHR  associated  with  tropical 
cyclones.  The  LHR  calculated  at  various  radii 
were  shown  to  be  comparable  to  previous 
estimates.  A  strong  correlation  was  found  between 
the  calculated  LHR  and  the  current  intensity  for 
each  tropical  cyclone.  The  ability  to  see  the 
rainband  structure  using  the  SSM/I  data  and  its 
associated  asymmetry,  is  an  advantage  over  the 
visible  and  infrared  satellite  data. 

Besides  using  derived  SSM/I  parameters  such 
as  wind  speeds  and  rain  rates,  the  actual  TB  data 
were  found  to  be  useful.  The  85  GHz  vertically 
polarized  TB  data  were  used  to  compare  the  average 
TB  for  an  inner  box  surrounding  the  core  region  of 
the  cyclone,  to  the  average  TB  for  an  outer  box 
which  consisted  mainly  of  the  environment  of  the 
tropical  cyclone.  A  strong  correlation  was  found 
between  the  difference  in  the  TB' s  of  these  two 
boxes  and  the  intensity  of  the  cyclone.  A 
stronger  correlation  exists  between  this  TB 
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difference  and  the  24  hour  intensity  of  the 

cyclone . 

It  was  shown  that  the  85  GHz  TB’ s  can  be 
useful  in  locating  the  eye  of  a  tropical  cyclone. 
This  will  facilitate  an  accurate  positioning  of 
the  cyclone. 

While  the  SSM/I  data  are  helpful,  there  are 

certain  drawbacks.  First,  the  field  of  view 

2 

(approximately  800  km  )  leads  to  an  averaging  of 
the  data.  The  idea  of  trying  to  compare  wind 
speeds  for  an  area  of  this  size  to  an  in  situ 
measurement  is  obviously  flawed.  Unfortunately, 
the  only  way  to  minimize  this  problem  is  to  set  a 
temporal  criteria  such  that  the  SSM/I  pass  is  as 
close  in  time  as  possible  to  the  in  situ  wind 
measurement.  Secondly,  our  inability  to  more 
accurately  specify  such  parameters  as  the 
concentration  and  distribution  of  precipitating 
particles  (liquid  and  ice  hydrometeors) ,  height  of 
the  freezing  level,  thickness  of  the  ice  layer, 
and  amount  of  non-precipitating  liquid  water  can 
all  lead  to  errors  in  the  model  radiative  transfer 
calculations.  This  will  result  in  errors  in  the 
derived  TB' s . 

Despite  these  drawbacks,  the  SSM/I  presented 
us  with  some  unique  views  of  tropical  cyclones  "• 
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unattainable  with  conventional  satellite 
using  only  visible  and  infrared  frequencies. 


data 
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